Healing of fatigue crack in epoxy materials with epoxy/mercaptan system via manual infiltration by unknown
1. Introduction
Fatigue and fatigue failure are critical for poly-
meric materials used in structural applications.
Under fatigue loading, cracks might slowly grow
above a threshold range of stress intensity, ΔKth,
which is significantly lower than the critical stress
intensity, KIC. Therefore, imparting self-healing
capability to polymers and polymer composites is
an effective way to solve the problem [1–8]. It is
hoped that the cracks can be autonomously elimi-
nated soon after their emergence.
Earlier studies on metals have shown that infiltrat-
ing proper substances into a fatigue crack could
induce crack growth retardation and even crack
arrest [9–16]. Recently, Brown et al. [4] established
a protocol to extend fatigue life of epoxy using
dicyclopentadiene (DCPD). Viscous flow of DCPD
in the crack plane retarded crack growth, and its
polymerized version further acted as a wedge at the
crack tip for artificial crack closure. On the basis of
this pilot research, they prepared self-healing epoxy
with embedded DCPD-loaded microcapsules and
particulate Grubbs’ catalyst, which was capable of
responding to propagating fatigue cracks by auto-
nomic processes that led to higher endurance limit
and life extension, or even complete arrest of crack-
ing [5–8], in addition to the ability to repair the
cracks generated by monotonic fracture [17].
In fact, epoxy resin has been employed as infiltrant
material for obstructing fatigue crack development
in metals [9–13]. It has the advantages like good
adhesiveness, low cure shrinkage, broad compati-
bility, corrosion and chemical resistance, strength
and durability. In particular, the epoxy/mercaptan/
tertiary amine system (the basis of ‘5-min epoxies’)
is highly reactive. It can come to a practical han-
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develop useful bond strengths at ambient tempera-
tures as low as –20°C. Therefore, it should be
favorable for repairing fatigue damages under
cyclic loading.
In our previous work, self-healing epoxy compos-
ites containing dual encapsulated healant, i.e. two
types of microcapsules that respectively include
epoxy prepolymer as the polymerizable component
and mercaptan/tertiary amine catalyst as the hard-
ener, were made [18–21]. Upon fracture the unre-
acted epoxy can be bled into damage sites together
with the hardener fluid and then polymerized to
repair cracks. The system proved to work in the
case of monotonic fracture as characterized by the
attractive healing effect even below room tempera-
ture. As a continuation of our project, the present
work is focused on examination of the performance
of the epoxy/mercaptan/tertiary amine system in
suppression and rehabilitation of fatigue crack in
epoxy materials via manual infiltration. Effect of
adhesive curing process on fatigue crack propaga-
tion was systematically studied. The results are
expected to provide a knowledge frame for the sub-
sequent in-situ self-healing that has the practical
value for engineering application.
2. Experimental
2.1. Materials and specimen preparation
Tapered double cantilever beam (TDCB) speci-
mens were cast from the mixture of epoxy resin
(EPON 828, diglycidyl ether of bisphenol A, Hex-
ion Specialty Chemicals, USA) and 12.5 pph cur-
ing agent (diethylenetriamine, DETA, Shanghai
Medical Group Reagent Co., China). The mixture
was degassed, poured into a closed silicone rubber
mold and cured for 24 h at room temperature, fol-
lowed by 48 h at 40°C. Table 1 shows the material
properties.
The healing agent consists of epoxy (1:1 mixture
by weight of EPON 828 and diglycidyl ether of
resorcin (J-80, Wuxi Resin Factory of Bluestar
New Chemical Materials Co., China)) and the hard-
ener (pentaerythritol tetrakis (3-mercaptopropi-
onate) (PMP, Fluka Chemie AG, Switzerland) and
2,4,6-tris(dimethylaminomethyl)phenol (DMP-30,
Shanghai Medical Group Reagent Co., China).
Weight ratio of epoxy/mercaptan/tertiary amine =
6/5/1.
2.2. Mechanical testing and characterization
Fatigue crack propagation behavior of epoxy speci-
mens was investigated using the aforesaid TDCB
specimen geometry (with groove length of 55 mm)
[4, 21, 22] on a Shimadzu Air Servo Fatigue and
Endurance Testing System ADT-AV02K1S5 with
2 kN load cell at room temperature (24±1°C).
Specimens were pre-cracked (0.5–1.5 mm) with a
razor blade while ensuring the pre-crack tip was
centered in the groove and then pin loaded. A trian-
gular waveform of frequency 5 Hz was applied
with a stress ratio (R = Kmin/Kmax, where Kmin and
Kmax denote the minimum and maximum values of
the cyclic stress intensity, respectively) of 0.1,
unless otherwise specified for the examination of
the impact of R. Fatigue cracks were grown within
constant mode-I stress intensity factor range, ΔKI
(ΔKI = Kmax – Kmin). Load line crack opening dis-
placement (COD) was measured by a clip gauge.
Crack lengths were measured optically and by
specimen compliance [23].
Due to the complexity of healing a growing crack
under fatigue circumstances, retardation and arrest
of fatigue cracks were found to be dependent on the
range of applied cyclic stress intensity, ΔKI, as well
as the competition between polymerization kinetics
of the healing agent and crack growth rate [5–8].
Accordingly, static and dynamic infiltration experi-
ments were designed and conducted as follows. For
the static one, after a crack growth increment of
~8 mm, both the growth rate and crack closure
response settled down to steady state values. At this
point, about 0.5 μl of pre-mixed healing agent was
injected into the crack plane by using a microsy-
ringe. The mixing of the components of the healing
agent took about 30 sec and the injection was com-
pleted within 10 sec. All the times were calculated
from the start time of mixing of the healant (i.e. 0′,
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Table 1. Properties of the cured epoxy (EPON 828/DETA)
*Note: n and Co were obtained according to Equation (3). The
data well agree with those reported in ref. [23].
Properties Data
Density [kg/m3] 1172
KIC [MPa·m1/2] 0.587±0.016
Tensile strength [MPa] 42.3±0.4
Young’s modulus [GPa] 3.7±0.2
*Paris power law exponent, n 7.12
*Paris power law constant, Co 0.11the single quotation mark represents minute here-
inafter). The healing agent flowed backward and
forward in the fracture plane and instantaneously
evenly penetrated into the crack. After 10 seconds,
the test was stopped and the crack held open at a
constant load level. Fatigue loading was reestab-
lished after a prescribed steady-state healing
period. In the case of dynamic experiments, the
testing procedures were the same as those applied
for the static ones, except that fatigue loading wasn’t
interrupted after the manual infiltration.
The constant ΔK nature of the fatigue test yielded a
constant crack growth rate over the majority of the
length of the specimen [4]. Experimental errors
mainly came from the initial stage of cracking
because of a slight deflection of the pre-crack. In
order to reduce data discreteness, the data within
2 mm of initial crack length (a = 19–21 mm) were
discarded for all the specimens except those the
healing agent had repaired. For each test, the result
was an average of four specimens.
The healing efficiency, λ, was defined by fatigue
life extension [4], defined by Equation (1):
(1)
where NHealed and NControl denote the total number
of cycles to failure of a healed specimen and that of
a similar specimen without healing, respectively.
To evaluate fracture toughness, KIC, of the cured
epoxy (i.e. EPON 828/DETA), a natural pre-crack
(~2 mm) was created on the TDCB specimen by
inserting a fresh razor blade and gently tapping into
the molded notch starter [21]. Subsequently, the
specimen was pin loaded and tested with a
Hounsfied H10 KS universal testing machine under
displacement control using a 3 mm/min displace-
ment rate at room temperature. For determination
of fracture toughness, KIC, of the cured healing
agent, the epoxy TDCB specimen made of EPON
828/DETA was fractured only to the end of the
groove and then about 3 μl of uniformly pre-mixed
healing agent (i.e. EPON 828/J-80/PMP/DMP-30)
was injected into the cracked face. Afterwards, the
specimen was unloaded and left to cure for differ-
ent times at room temperature. A natural pre-crack
(2–10 mm) along the original crack route was rap-
idly created within one minute before the next test.
Finally, the healed specimen was tested again fol-
lowing the above procedure.
Isothermal curing kinetics of the healing agent was
studied with a TA differential scanning calorimeter
(DSC) Q10 calorimeter in N2 at 25°C. Morphologi-
cal observation of the fracture surfaces was con-
ducted on a Hitachi Model S-4800 field emission
scanning electron microscope (SEM).
3. Results and discussion
3.1. Hydrodynamic pressure crack-tip
shielding
Researches on fatigue crack propagation of metals
immersed in fluid revealed that the forces required
to squeeze the fluid out of the crack during unload-
ing and to draw the fluid into the crack during load-
ing provided effective crack-tip shielding [24–27].
Such a hydrodynamic pressure effect decreases the
effective mode-I stress intensity factor range, ΔKeff,
reduces fatigue crack growth rate and extends
fatigue life. The Equation (2) can explain this
mechanism:
(2)
where ΔKopening and ΔKclosure refer to the crack-
opening and crack-closure stress intensities from
viscosity resistance of the liquid, respectively. In
general, a fluid with higher viscosity leads to
greater reduction in crack growth rate, until an
upper limit is reached and the fluid can no longer
penetrate to the crack tip [4, 24].
Like most polymers, the rate of steady-state fatigue
crack growth of cured epoxy under constant
applied range of stress intensity, ΔKI, can be
described by the Paris power law [28], given by
Equation (3):
(3)
where Co and n are materials constants.
Figure 1 shows the dependence of fatigue crack
length on loading cycle. On the basis of this
dependence and the data in Table 1 as well, one can
estimate the fatigue crack growth rate via Equa-
tion (3). Here in this work, the hydrodynamic pres-
sure crack-tip shielding mechanism is investigated
by infiltrating the polymerizable component of the
healing agent (i.e. the 1:1 mixture by weight of
EPON 828 and J-80, excluding the hardener) into
the crack plane of the specimen without interrupt-
ing the fatigue experiment (i.e. dynamic infiltra-
n
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fatigue crack is grown in the specimen without
injection until failure occurs (refer to curve 1 in
Figure 1, NControl = 6.6·104 cycles). It is seen from
Figure 1 that the slope of the crack length vs.
fatigue cycles curve remains constant prior to the
infiltration, suggesting a constant growth rate of
approximately 3.8·10–4 mm/cycle. After the infil-
tration, the crack growth rate is greatly reduced by
77% to 8.9·10–5 mm/cycle. Like the case of sub-
merged specimens [29], the subsequent crack prop-
agation is also steady on the whole. According to
Equation (1), the fatigue life-extension, λ, is calcu-
lated to be 246%.
For metals, crack-tip shielding from hydrodynamic
pressure provides about 50% reduction in crack
growth rate. As for microcapsule-toughened epoxy
specimen, infiltration of an inert mineral oil to the
crack plane leads to λ = 101% [4]. Coupled with
our data in Figure 1, it is understood that the hydro-
dynamic pressure mechanism resulting from vis-
cous fluid operates more efficiently in polymeric
materials. Further study in this aspect is needed to
reveal the underlying factor.
In fact, the marked post-infiltration drop in the
crack growth rate indicates that filling the crack
with the epoxy prepolymer has a fair effect on the
reduction in the crack-tip stress intensity, and thus
lowers the crack growth rate. The maximum and
minimum values of crack opening displacement
(COD) and the corresponding load-displacement
curves shown in Figures 2 and 3 further illustrate
this variation trend. In contrast to the situation prior
to the infiltration, the fatigue crack in the presence
of the injected epoxy prepolymer cannot be fully
opened at the maximum load, leading to a remark-
ably lower crack growth rate over a long period of
time (curve 3 in Figure 2). In addition, the crack
also cannot be fully closed at the minimum load
and the COD values become nearly independent of
fatigue cycles (curve 4 in Figure 2). As a result,
hysteresis loops appear on the load-displacement
relationship between the initial phase of crack
opening and the end phase of crack closing
(curves d–i in Figure 3). Obviously, the hysteresis
resistance offered by the viscous epoxy prepolymer
raises ΔKopening and ΔKclosure, and hence decreases
ΔKeff as indicated in Equation (2).
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Figure 1. Crack length vs. fatigue cycles of (1) control
fatigue specimen and (2) fatigue specimen with
manual injection of epoxy prepolymer in
dynamic infiltration fashion. Testing conditions:
Kmax = 0.504 MPa·m1/2, Kmin = 0.050 MPa·m1/2,
ΔKI = 0.454 MPa·m1/2, R = 0.1.
Figure 2. Maximum and minimum CODs vs. fatigue
cycles of (1, 2) control fatigue specimens and
(3, 4) fatigue specimens with manual injection
of epoxy prepolymer in dynamic infiltration
fashion. Testing conditions:
Kmax = 0.504 MPa·m1/2, Kmin = 0.050 MPa·m1/2,
ΔKI = 0.454 MPa·m1/2, R = 0.1.
Figure 3. Load-displacement curves measured during
selected cycles in Figure 2. Number of the
fatigue cycles and the time after the manual
infiltration of epoxy prepolymer: (a) 300;
(b) 9900; (c) 16 200, 0′; (d) 17 100, 3′;
(e) 50 100, 113′; (f) 99 900, 279′; (g) 150 000,
446′; (h) 200 100, 613′; and (i) 211 800, 652′. 0′
means the time when the epoxy prepolymer is
injected. Testing conditions:
Kmax = 0.504 MPa·m1/2, Kmin = 0.050 MPa·m1/2,
ΔKI = 0.454 MPa·m1/2, R = 0.1.With respect to the hardener component of the heal-
ing agent (i.e. the mixture of PMP and DMP-30), it
exhibited approximately the same hydrodynamic
pressure crack-tip shielding effect and fatigue life-
extension ability as epoxy prepolymer, probably
because of their similar viscosities. Further
research in this aspect is needed to reveal the rea-
sons.
3.2. Effects of cured wedge and its
adhesiveness revealed by static
infiltration tests
Following the traditional crack closure concept, it
is known that if the fatigue crack opening load is
purposely increased by a wedge with adhesive
properties at the crack tip, the effective stress inten-
sity factor range would be reduced accordingly
[9–13], as shown by Equation (4):
(4)
where ΔKbonding refers to the stress intensity due to
the combined (tensile) stresses in adhesives across
the crack faces, and ΔKwedge refers to the crack-clo-
sure stress intensity due to the wedge from adhe-
sives gelling and hardening. With this idea in mind,
a number of investigations were carried out by arti-
ficially introducing crack surface contact [4, 9–16].
It can be concluded that size and performance of
the wedge are the most crucial factors affecting the
crack closure effect.
In this work, the pre-mixed epoxy based healing
agent was injected into the crack plane forming a
crosslinked epoxy wedge. The wedge size was
adjusted by changing the load level required for
holding the crack open after the infiltration, while
the wedge performance was tuned by changing the
steady-state healing time, during which cyclic load-
ing paused and crack held open (see the Experi-
mental for more details).
Figures 4 and 5 show the representative crack
length versus fatigue cycles of the specimens
healed at constant applied stress intensities, K, and
the dependence of healing efficiency on K, respec-
tively. Sharp et al. [11] indicated that the load level
or stress intensity applied for holding the crack
open played a decisive role in retarding or arresting
fatigue crack. Evidently, it is true for the current
system. Fatigue crack growth is retarded at differ-
ent K values (Figure 4). Higher stress intensity
applied during healing results in more prominent
retardation effect (i.e. higher healing efficiency).
When the applied stress intensity is not less than
0.392 MPa·m1/2, crack can hardly advance for more
than 107 cycles and is considered to be completely
arrested. Therefore, the applied stress intensity of
0.392 MPa·m1/2 represents a watershed between
fatigue crack growth retardation and crack arrest
(Figure 5). The above results can be understood by
the fact that thicker wedge is produced when the
specimen is healed at higher applied stress inten-
sity. Consequently, ΔKwedge increases and ΔKeff
wedge bonding I eff K K K K Δ − Δ − Δ = Δ
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Figure 5. Healing efficiency of fatigue specimens with
manual injection of pre-mixed healing agent in
static infiltration fashion vs. the applied constant
stress intensity for holding crack open after the
injection. The data are calculated using the
results in Figure 4.
Figure 4. Crack length vs. fatigue cycles of (1) control
fatigue specimen and (2–6) fatigue specimens
with manual injection of pre-mixed healing
agent in static infiltration fashion. The applied
constant stress intensity for holding crack open
after the injection: (2) 0, (3) 0.112 MPa·m1/2,
(4) 0.224 MPa·m1/2, (5) 0.336 MPa·m1/2, and
(6) 0.392 MPa·m1/2. The steady-state healing
time: 10 min. Testing conditions:
Kmax = 0.504 MPa·m1/2, Kmin = 0.050 MPa·m1/2,
ΔKI = 0.454 MPa·m1/2, R = 0.1.decreases (refer to Equation (4)). When ΔKeff≤
ΔKth (i.e. ΔKbonding + ΔKwedge ≥Δ KI – ΔKth), fatigue
crack is fully arrested.
To look into the details of the retardation effect of
the infiltrated epoxy based healing agent on
fatigue crack growth, COD vs. fatigue cycles and
load vs. displacement of the specimen healed at
0.112 MPa·m1/2 are analyzed in the following as an
example. It is seen that in the early stage when the
healing agent has not been injected into the crack
tip (refer to curve 3 in Fiure 4 and Figure 6), the
corresponding load-displacement curves a and b in
Figure 7 are linear with increasing compliance as
the crack propagates. Following healing agent
injection and cure, the load-displacement curve c in
Figure 7 remains linear with reduced compliance
due to the shorter (healed) crack length (refer to
curve 3 in Figure 4). Accordingly, the crack cannot
be fully opened at the maximum load as character-
ized by the deflected maximum COD vs. fatigue
cycles (refer to curve 3 in Figure 6), and cannot be
fully closed at the minimum load forming a terrace-
like minimum COD vs. fatigue cycles (refer to
curve 4 in Figure 6). The results imply that the con-
solidated healing agent has formed a wedge that
has certain affinity for the cracked faces. As a
result, the crack opening and closing under cyclic
loading is significantly obstructed.
When the cyclic stress intensity exceeds the applied
constant stress intensity during healing, the infil-
trated epoxy healing agent bonds the crack surfaces
together and starts to transfer tensile stress across
the crack faces. The adhesive firstly fails on the
tension part of the load cycle by cracking in the
area that experiences the highest strain amplitude
[11]. This is reflected by the turning point at about
71 700 cycles on the fatigue cycles dependences of
crack length and maximum COD (refer to curve 3
in Figure 4 and Figure 6), from which the crack
begins to advance fast. At this point, the crack
advances about 1.4 mm. A stable pre-crack process
seems to be formed. At about 115 500 cycles with
fast crack advance, the load-displacement curve
becomes clearly bimodal (curve j in Figure 7), rep-
resenting the crack closure mechanism proposed by
Elber [29]. The knee of the load-displacement
curve corresponds to the open crack condition and
the portion of the cyclic load experienced by the
crack tip. Figure 7 further exhibits that the curve
above the knee is increasingly compliant due to
progressive cohesive failure of the cured healing
agent (Figure 8). In contrast, the curve below the
knee, which is related to the closed crack condition,
retains a compliance corresponding to the epoxy
wedge geometry. In the case that the cyclic stress
intensity is lower than the applied constant stress
intensity during healing, the infiltrated material acts
as a wedge to transfer compressive stress between
the crack faces. The extent to which the crack-tip
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Figure 7. Load-displacement relationships measured dur-
ing selected cycles of curve 3 in Figure 4. Num-
ber of the fatigue cycles and the time after the
manual infiltration of pre-mixed healing agent:
(a) 3000; (b) 9000; (c) 19 200, 10′; (d) 69 600;
(e) 71 700, 185′; (f) 73 500; (g) 85 500;
(h) 95 700; (i) 105 600; (j) 115 500, 331′;
(k) 125 700; (l) 129 000, 376′; (m) 132 900;
(n) 140 100; (o) 150 000, 446′; (p) 170 800; and
(q) 181 800, 552′. The applied constant stress
intensity for holding crack open after the injec-
tion: 0.112 MPa·m1/2. The steady-state healing
time: 10 min. Testing conditions:
Kmax = 0.504 MPa·m1/2, Kmin = 0.050 MPa·m1/2,
ΔKI = 0.454 MPa·m1/2, R = 0.1.
Figure 6. Maximum and minimum CODs vs. fatigue
cycles of (1, 2) control fatigue specimens and
(3, 4) fatigue specimens with manual injection
of pre-mixed healing agent in static infiltration
fashion. The applied constant stress intensity for
holding crack open after the injection:
0.112 MPa·m1/2. The steady-state healing time:
10 min. Testing conditions:
Kmax = 0.504 MPa·m1/2, Kmin = 0.050 MPa·m1/2,
ΔKI = 0.454 MPa·m1/2, R = 0.1.could be unloaded is limited and hence higher ΔKeff
is maintained. Since cured epoxy material has very
low deformation in compression and cannot be eas-
ily fragmented or otherwise dislodged from the
crack, this is a potent crack retarding mechanism.
Even when the adhesive wedge is damaged and the
crack tip advances into the parent epoxy matrix
beyond the region of the wedge, some benefit still
remains from the wedging effect.
When fatigue cycles approach 129 000, the crack
grows to the end of the cured epoxy wedge, and
crack growth rate suddenly accelerates by 3.4-fold
from 8.3·10–5 to 3.7·10–4 mm/cycle. Particularly
large turning points appear on the curves of crack
length and maximum COD vs. fatigue cycles (refer
to curve 3 in Figure 4 and Figure 6). This is
because the fracture toughness of the cured healing
agent is higher than that of the epoxy matrix [20],
and fatigue crack has to advance slowly within the
wedge region. In the meantime, knee points are
observed at decreasing loads (refer to curves j–n in
Figure 7), indicating an increase in the effective
cyclic stress intensity at the crack tip. As the crack
grows past the wedge from the cured healing agent
(refer to curve o in Figure 7), the crack growth rate
increases with a rise in ΔKeff approaching the rate
before healing until failure of the specimen.
In previous studies, the adhesive infiltrants were
generally allowed to be fully cured to form solid
polymeric wedges under constant holding loads
before resuming fatigue tests [4, 9–16]. Here the
influence of the curing of the healing agent on
fatigue crack growth is taken into consideration for
evaluating the role of the wedge performance. For
this purpose, as mentioned in the Experimental,
10 seconds after the pre-mixed healing agent was
injected into the crack plane, the fatigue test was
interrupted and the crack held open at a constant
stress intensity of 0.504 MPa·m1/2. Fatigue loading
was reestablished after different steady-state heal-
ing times of 3′, 4′, 5′, 5′30″, 5′35″, 5′45″, 6′, 6′30″,
7′, 8′, 10′, 15′ and 30′ (the single and double quota-
tion marks represent minute and second, respec-
tively).
Figures 9 and 10 give the typical crack length vs.
fatigue cycles curves and the relationship between
healing efficiency and steady-state healing time,
respectively. The results indicate that healing agent
hardly takes effect within the steady-state healing
time range of 3′–5′35″ (refer to curves 2 and 3 in
Figure 9), so that the healing efficiency is only
about 12–15% (Figure 10). When the steady-state
healing time reaches 5′45″ and 6′, however, the
healing efficiency is greatly increased to 302 and
1473%, respectively. The crack retardation behav-
ior is similar to that of the specimen healed at
0.112 MPa·m1/2 for 10 min (refer to curve 3 in Fig-
ure 4). In the case that the steady-state healing time
is not less than 6′30″, crack can hardly advance
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Figure 8. SEM micrograph of fatigue fracture specimen
with manual injection of pre-mixed healing
agent in static infiltration fashion. The applied
constant stress intensity for holding crack open
after the injection: 0.112 MPa·m1/2. The steady-
state healing time: 10 min. Testing conditions:
Kmax = 0.504 MPa·m1/2, Kmin = 0.050 MPa·m1/2,
ΔKI = 0.454 MPa·m1/2, R = 0.1.
Figure 9. Crack length vs. fatigue cycles of (1) control
fatigue specimen and (2–7) fatigue specimens
with manual injection of pre-mixed healing
agent in static infiltration fashion. The steady-
state healing time: (2) 3′, (3) 5′35″, (4) 5′45″,
(5) 6′, (6) 6′30″, and (7) 8′. The applied constant
stress intensity for holding crack open after the
injection: 0.504 MPa·m1/2. Testing conditions:
Kmax = 0.504 MPa·m1/2, Kmin = 0.050 MPa·m1/2,
ΔKI = 0.454 MPa·m1/2, R = 0.1.after more than 107 fatigue cycles and is considered
to be fully arrested. Similarly, this time can be
regarded as the critical threshold to distinguish
fatigue crack growth retardation from crack arrest
(Figure 10).
The above phenomena are closely related to the
curing process of the epoxy based healing agent.
During curing of the healing agent, the system
transforms from low molecular liquid mixture into
three dimensional cross-linked macromolecular
networks. Molecular dynamics and macroscopic
behavior of the material drastically change in the
meantime [30]. Early study on curing kinetics
demonstrated that the viscosity of the healing agent
slowly increased in the beginning 5 min after mix-
ing, and then rapidly increased until it gelled within
about one minute [20, 21]. The gelation of the heal-
ing agent is essentially a rapid formation and
increase process of hardness and adhesive strength
(Figure 11). Although nearly no adhesion can be
detected at a time less than 5.5 min, fracture tough-
ness of the healing agent sharply increases within
5′40″ and 12′, and exceeds that of the epoxy matrix
at about 9′. Obviously, the increase in KIC keeps in
step with the degree of cure of the healing agent, as
shown by Brown et al. [5]. In this context, develop-
ment of fatigue crack might become rather difficult
when the steady-state healing time is longer than 9′.
The deduction is confirmed by the fact that very
few tearing marks appear at the initial phase of the
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Figure 11. Curing time dependences of KIC (circles) and
degree of cure (dash line) of the healing agent.
The horizontal dotted line represents KIC of the
epoxy matrix. KIC values of the healing agent
were obtained from monotonic fracture tests
performed at prescribed times. The data of
degree of cure were estimated from isothermal
polymerization of the healing agent conducted
in DSC at 25°C.
Figure 10. Healing efficiency of fatigue specimens with
manual injection of pre-mixed healing agent in
static infiltration fashion vs. the steady-state
healing time (during which crack held open).
The data are calculated using the results in Fig-
ure 9.
Figure 12. SEM micrographs of the fractured surface of a TDCB specimen with manual injection of pre-mixed healing
agent for determination of KIC of the cured healing agent (see the Experimental for more details). The healing
agent was allowed to be cured for 9′20″ and then the specimen was tested to falure within 5 sec at a rate of dis-
placement of 3 mm/min.fatigue crack (figure omitted). Obvious tearing
traces are found on the fast fracture plane when the
healing agent is in the rubbery state (Figure 12).
Accordingly, evident retardation effect is obtained
for the steady-state healing time from 5′45″ to 6′.
3.3. Effect of applied range of cyclic stress
intensity revealed by dynamic
infiltration tests
The works by other researchers have shown that the
in-situ retardation and arrest of fatigue crack are
closely related to the applied range of cyclic stress
intensity, ΔKI [5–8]. To check whether this rule is
also valid for the current healing system, the fatigue
experiments associated with dynamic infiltration
were conducted at different ΔKI values by changing
the maximum cyclic stress intensity Kmax between
0.336 and 0.560 MPa·m1/2 at constant stress ratio of
R = 0.1, and by changing the stress ratio R from
0.05 to 0.6 at constant Kmax = 0.504 MPa·m1/2.
As shown in Figures 13–15, fatigue crack is
retarded by the infiltrated healing agent following
the injection. The lower the maximum cyclic stress
intensity (or the higher stress ratio), the more evi-
dent the retardation effect and the higher healing
efficiency. Especially when the Kmax is not more
than 0.420 MPa·m1/2 or the R value is not less than
0.25, crack can hardly advance for more than
107 cycles with the gelation and solidification of
the healing agent, and hence is considered to be
fully arrested. During this process, the mechanisms
of polymeric wedge crack-tip shielding and adhe-
sive bonding must play the key role. In fact, reduc-
ing Kmax or increasing R is equivalent to decreasing
ΔKI, so that ΔKeff is decreased, offering improved
retardation effect.
To have more information about the healing mech-
anism involved in the dynamic infiltration tests, the
processes of crack growth retardation and crack
arrest measured at two typical Kmax values (i.e.
0.504 and 0.420 MPa·m1/2) are analyzed in the fol-
lowing.
Immediately after the injection, the fluidic healing
agent rapidly flows throughout the cracked plane
and penetrates into the crack tip under cycling load.
The rate of crack growth decreases to a lower
value. Similar to the cases discussed in the last sub-
sections, full opening and closing of crack at the
maximum and minimum loads are hindered accord-
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Figure 14. Healing efficiency of fatigue specimens with
manual injection of pre-mixed healing agent in
dynamic infiltration fashion vs. maximum
cyclic stress intensity. The data are calculated
using the results in Figure 13.
Figure 15. Healing efficiency of fatigue specimens with
manual injection of pre-mixed healing agent in
dynamic infiltration fashion vs. cyclic stress
intensity ratio. The data are calculated using
the results in Figure 13.
Figure 13. Crack length vs. fatigue cycles of control
fatigue specimens (dash lines) and fatigue
specimens with manual injection of pre-mixed
healing agent in dynamic infiltration fashion
(solid lines). Testing conditions: Kmax = 0.504,
0.448, 0.434, 0.420, 0.392 and 0.364 MPa·m1/2,
R = 0.1.ingly, so that fluctuations appear on the fatigue
cycles dependence of the maximum and minimum
CODs (Figures 16–19). Hysteresis loops are also
observed on the load-displacement curves (refer
curve d in Figure 20 and Figure 21). On the basis of
the study in the sub-section 3.1, it is known that
hydrodynamic pressure crack-tip shielding mecha-
nism should be the main contributor to the crack
retardation within the beginning ~5.5 min. Com-
bining with the results of static infiltration tests
with steady-state healing time of 3′–5′35″ (refer to
curves 2 and 3 in Figure 9), we can conclude that
the stress status of crack has no influence on crack
growth retardation basically before the healing
agent gels.
Along with the abrupt increase in viscosity and
gelation as of ~5.5 min (Figure 11), the healing
agent rapidly changes from liquid to rubbery state.
Its bonding capability forms and begins to take
effect. The maximum and minimum CODs are fur-
ther constrained with a regression of the crack tip
(Figures 18 and 19). They reach the extreme values
at 7′45″ for Kmax = 0.504 MPa·m1/2 and at 8′10″ for
Kmax = 0.420 MPa·m1/2, respectively. Afterwards,
the increase in the maximum COD for Kmax =
0.504 MPa·m1/2 with fatigue cycles becomes steady,
meaning that the closed crack can be quickly
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Figure 16. Maximum and minimum CODs vs. fatigue
cycles of (1, 2) control fatigue specimens and
(3, 4) fatigue specimens with manual injection
of pre-mixed healing agent in dynamic infiltra-
tion fashion. Testing conditions:
Kmax = 0.504 MPa·m1/2, Kmin = 0.050 MPa·m1/2,
ΔKI = 0.454 MPa·m1/2, R = 0.1.
Figure 18. Maximum and minimum CODs vs. fatigue
cycles of fatigue specimens with manual injec-
tion of pre-mixed healing agent in dynamic
infiltration fashion (partial magnification of
curves 3 and 4 within the dotted frame in Fig-
ure 16). 0′ means the time when the epoxy pre-
polymer is injected. Testing conditions:
Kmax = 0.504 MPa·m1/2, Kmin = 0.050 MPa·m1/2,
ΔKI = 0.454 MPa·m1/2, R = 0.1.
Figure 19. Maximum and minimum CODs vs. fatigue
cycles of fatigue specimens with manual injec-
tion of pre-mixed healing agent in dynamic
infiltration fashion (partial magnification of
curves 3 and 4 within the dotted frame in Fig-
ure 17). 0′ means the time when the epoxy pre-
polymer is injected. Testing conditions:
Kmax = 0.420 MPa·m1/2, Kmin = 0.042 MPa·m1/2,
ΔKI = 0.378 MPa·m1/2, R = 0.1.
Figure 17. Maximum and minimum CODs vs. fatigue
cycles of (1, 2) control fatigue specimens and
(3, 4) fatigue specimens with manual injection
of pre-mixed healing agent in dynamic infiltra-
tion fashion. Testing conditions:
Kmax = 0.420 MPa·m1/2, Kmin = 0.042 MPa·m1/2,
ΔKI = 0.378 MPa·m1/2, R = 0.1.opened (refer to curve 3 in Figure 16, and Fig-
ure 18). With respect to the minimum COD for
Kmax = 0.504 MPa·m1/2, it quickly declines to a
plateau (refer to curve 4 in Figure 16 and Fig-
ure 18) owing to the formation of a stable wedge. In
the case that Kmax = 0.420 MPa·m1/2, however, the
results are not completely the same. The maximum
COD slightly increases and then becomes nearly
invariable with fatigue cycles (refer to curve 3 in
Figure 17 and Figure 19). This corresponds to the
fact that the closed crack advances for a very short
distance before it is fully arrested. In contrast, the
variation in the minimum COD resembles that at
Kmax = 0.504 MPa·m1/2 as characterized by the
appearance of a plateau (refer to curve 4 in Fig-
ure 17 and Figure 19) because of the newly estab-
lished cured epoxy wedge.
It is worth noting that in the course of hardening of
the healing agent, the opening degree of the hys-
teresis loops gradually increases and the maximum
open position constantly moves upward (refer to
curves f–j in Figure 20, and curves f–n in Fig-
ure 21). The former reaches the maximum at about
8′ for  Kmax = 0.504 MPa·m1/2 and at 7′20″ for
Kmax = 0.420 MPa·m1/2, as shown in curve k in Fig-
ure 20 and Figure 21, respectively. Then, it gradu-
ally decreases until disappearance at about 11′
(refer to curves k–r in Figure 20 and Figure 21).
Clearly, within the time range from 5.5′ to 11′, the
visco-elastic damping provided by the healing
agent increases and then decreases with the gradual
increase in crosslinking of the healing agent. The
increase in the maximum open position is attributed
to the fact that trigger of the hysteresis in terms of
lower tension or pressure becomes increasingly dif-
ficult. When the curing of the healing agent is
almost completed, the hysteresis loop disappears
(refer to curve r in Figure 20 and Figure 21). Espe-
cially for Kmax = 0.504 MPa·m1/2, the knee on the
load-displacement curves gradually forms from
about 8′10″ to 11′ (refer to curves l–r in Figure 20)
as a result of crack closure [15]. Nevertheless,
when Kmax = 0.420 MPa·m1/2, the aforesaid knee
doesn’t appear on the load-displacement curves
even after disappearance of the hysteresis loop
(Figure 21). The slopes of the load-displacement
curves (related to the compliance) hardly increase
after 6·108 cycles (refer to curve t in Figure 21),
which represents that the crack is fully arrested.
On the other hand, ear-piercing sound of ‘dada’
was perceived as of about 8′40″ during the process
of crack growth for Kmax = 0.504 MPa·m1/2, but
never for Kmax = 0.420 MPa·m1/2. It should come
from (i) tearing of the curing adhesive in the
process of crack opening and advancing, and (ii)
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Figure 20. Load-displacement relationships measured dur-
ing selected cycles in Figures 16 and 18. Num-
ber of the fatigue cycles and the time after the
manual infiltration of pre-mixed healing agent:
(a) 17 400; (b) 23 400; (c) 15 675, 0′;
(d) 15 825, 30″; (e) 17 175, 5′; (f) 17 325,
5′30″; (g) 17 475, 6′; (h) 17 625, 6′30″;
(i) 17 775, 7′; (j) 18 000, 7′45″; (k) 18 075, 8′;
(l) 18 125, 8′10″; (m) 18 175, 8′20″;
(n) 18 225, 8′30″; (o) 18 275, 8′40″;
(p) 18 375, 9′; (q) 18 675, 10′; (r) 18 975, 11′;
(s) 22 400; (t) 30 000; (u) 45 000; (v) 49 950;
and (w) 72 750. 0′ means the time when the
pre-mixed healing agent is injected. Testing
conditions: Kmax = 0.504 MPa·m1/2,
Kmin = 0.050 MPa·m1/2, ΔKI = 0.454 MPa·m1/2,
R = 0.1.
Figure 21. Load-displacement relationships measured dur-
ing selected cycles in Figures 17 and 19. Num-
ber of the fatigue cycles and the time after the
manual infiltration of pre-mixed healing agent:
(a) 3000; (b) 30 000; (c) 43 800, 0′; (d) 43 950,
30″; (e) 45 300, 5′; (f) 45 450, 5′30″;
(g) 45 600, 6′; (h) 45 725, 6′25″; (i) 45 800,
6′40″; (j) 45 900, 7′; (k) 46 000, 7′20″;
(l) 46 100, 7′40″; (m) 46 200, 8′; (n) 46 250,
8′10″; (o) 46 350, 8′30″; (p) 46 500, 9′;
(q) 46 800, 10′; (r) 47 100, 11′; (s) 53 100; and
(t) 6·108. 0′ means the time when the pre-
mixed healing agent is injected. Testing condi-
tions: Kmax = 0.420 MPa·m1/2,
Kmin = 0.042 MPa·m1/2, ΔKI = 0.378 MPa·m1/2,
R = 0.1.impact of torn surfaces in the process of crack clos-
ing after growth of fatigue crack through cured
adhesive to the original crack tip position. The phe-
nomenon proves the events of crack advancing or
crack growth retardation from another angle.
Morphology of the fatigue fracture surfaces can
further explain the crack healing process (Fig-
ures 22 and 23). The cured healing agent is sym-
metrically distributed on the two opposite planes of
fatigue crack (Figures 22a–d). This result indicates
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Figure 22. SEM micrographs of fatigue fracture surfaces of the specimen with manual injection of pre-mixed healing
agent in dynamic infiltration fashion. (a) Fatigue crack plane; (b) partial magnification of (a); (c) the opposite
part of (a); (d) the opposite part of (b) taken from (c); (e) partial magnification of (b); (f) partial magnification
of (e). Testing conditions: Kmax = 0.504 MPa·m1/2, Kmin = 0.050 MPa·m1/2, ΔKI = 0.454 MPa·m1/2, R = 0.1.that the crack propagates through the membrane
formed by the cured healing agent, and cohesive
failure rather than interfacial debonding occurs in
the case of crack retardation. Obvious tear traces
and good bonding effect of the healing agent are
found on the fracture plane (Figures 22e and f).
Besides, blank areas without the healing agent are
also observed on the fracture plane (e.g. Fig-
ures 22b and d). They originate from the air bub-
bles that were introduced when the liquid healing
agent was subjected to the repeated extrusion under
cycling loading.
When the fatigue crack is arrested at Kmax =
0.420 MPa·m1/2, the specimen is eventually frac-
tured at static load using a displacement rate of
3 mm/min without precrack. The maximum frac-
ture load reaches 121 N, which is much higher than
that of the epoxy matrix (~52 N). The cohesive fail-
ure of the cured healing agent is characterized by
wider tear tapes and larger bonding area on the
fracture plane (Figures 23). It implies that stronger
adhesion effect is obtained at lower Kmax, which
favors to arrest crack.
4. Conclusions
The epoxy component of the healing agent proved
to act as a viscous fluid, effectively retarding
fatigue crack growth in epoxy material by hydrody-
namic pressure crack-tip shielding effect. Accord-
ingly, the latter’s fatigue life was extended by about
2.5 times.
Artificial crack closure was achieved during static
infiltration tests by injecting the pre-mixed healing
agent into the crack plane forming a polymer
wedge at the crack tip. As a result, crack growth
retardation and even permanent crack arrest were
observed. Both crack-face wedging and adhesion
contributed to the retardation, but the adhesive
component ceased after the crack grew through the
wedge to the original crack tip position. The higher
the constant stress intensity applied for holding
crack open after the manual infiltration, the thicker
the polymerized wedge and the better the retarda-
tion effect. When the former was not less than
0.392 MPa·m1/2, crack was fully arrested. Simi-
larly, in the case that the steady-state healing time
approached about 6 min after the infiltration, adhe-
sive strength and hardness of the gelled healing
agent were well developed and ΔKeff was effec-
tively reduced. Cohesive failure of the wedge
occurred under cyclic loading. Further extending
the steady-state healing time to 6′30″, crack arrest
was observed.
As for the dynamic infiltration tests, the applied
stress intensity range was found to be the most
influential parameter. When the pre-mixed healing
agent was infiltrated into the crack plane, hydrody-
namic pressure shielding mechanism firstly pro-
vided resistance to crack growth. With the rapid
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Figure 23. SEM micrographs of fatigue fracture surface of the specimen with manual injection of pre-mixed healing
agent in dynamic infiltration fashion. (a) Fatigue crack plane; (b) partial magnification of (a). Crack can hardly
advance for 6·108 cycles and hence is fully arrested. The specimen was fractured at static load using a rate of
displacement of 3 mm/min without precrack. Fatigue testing conditions: Kmax = 0.420 MPa·m1/2,
Kmin = 0.042 MPa·m1/2, ΔKI = 0.378 MPa·m1/2, R = 0.1.increase in viscosity of the healing agent until gela-
tion, shielding effect resulting from the wedge and
adhesive bonding gradually played the leading role.
The lower the maximum cyclic stress intensity or
the higher the stress ratio, the more prominent the
retardation effect. The maximum cyclic stress
intensity of about 0.420 MPa·m1/2 and the stress
ratio of about 0.25 became the watersheds between
fatigue crack growth retardation and crack arrest,
respectively.
The present work is the first attempt of ours
towards healing fatigue crack using epoxy/mercap-
tan/tertiary amine system. The capability of the
healing agent for retarding or arresting fatigue
crack growth revealed hereinbefore demonstrates
its potential for in-situ self-healing of fatigue dam-
age. More importantly, the microscopic informa-
tion helps to understand the healing mechanisms of
self-healing composites with dual microencapsu-
lated healing agent subjected to cyclic loading, and
to optimize the healant formulation accordingly. In
authentic self-healing composites, the appearance
of the healant loaded capsules would change the
intrinsic properties of the composites and deviate
the propagation path of fatigue crack, which disfa-
vors the analysis of the true healing mechanism
involved.
Successful retardation and/or arrest of fatigue
cracks have been observed in in-situ self-healing
epoxy composites containing dual encapsulated
healant, i.e. two types of microcapsules that respec-
tively include epoxy prepolymer and mercaptan/
tertiary amine hardener. The results and analyses
will be reported in another article of the authors.
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